The influence of metal cations on 13 C-18 O bonds in carbonates is still under debate. This paper used ab initio method to investigate this kind of influence of Mg 2+ , Fe 2+ and Zn 2+ cations on 13 C-18 O bonds in precipitated aragonite, calcite and dolomite. The polynomials of ∆47 and reduced partition function ratios (RPFRs) for 13/12 C, 14/12 C and 18/16 O of these minerals were given within temperatures ranging from 260 to 1500 K. We found that these cations significantly decreased the ∆47 values at the level of 10 −3 -10 −2 per mil, comparing with pure crystals; and that if the ∆47 values were used to reconstruct the temperatures Ts, the deviation of T was about 7.2˚C for, for instance, zinc-enriched aragonite, as discussed in our paper. It was suggested that due to such influence, researchers would better use a proper thermometer according to the main impurity metal cations in carbonates. We also found that according to the probability theory, the theoretical value of the influence of phosphoric acid on ∆47 of CO2 degassed from different carbonates was zero.
Introduction

C-
18 O clumping effects [1] - [3] in carbonates play significant roles in reconstructing the temperatures in geological research [4] - [9] . The majority of data points of 13 C- 18 O signals of CO 2 extracted from carbonate minerals is explained by the equilibrium isotope reactions on the growth surfaces of crystals during their formation [10] . However, there still exist some measured data points which deviate from our predicted ∆ 47 polynomials of pure aragonite and calcite [10] . And one hypothesis for solving this problem was that during the crystallization of minerals, the carbonates captured the metal cations (M 2+ ) from solutions and these cations influenced the 13 C- 18 O isotope signals in turn. To prove our hypothesis, this paper studied the effects of Mg 2+ , Fe 2+ and Zn 2+ cations on the 13 C- 18 O bonds in aragonite, calcite and dolomite. We gave the novel relationships of ∆ 47 with respect to temperatures for different M 2+ -carbonate systems, and gave suggestions on the utilization of present results to understand the formation temperatures of carbonates in different geological systems. Finally, the theoretical value of the influence of phosphoric acid on ∆ 47 of CO 2 degassed from different carbonates was discussed.
Methodology
For 13 C- 18 O clumped effect on the surfaces of, for example, calcite and aragonite [10] , we have isotope reaction 12 
where "|" stands for the surface of minerals. The equilibrium constant K3866| (illustrating the doubly substituted isotopologues 13 
where the brackets indicate the concentrations of the isotopologues [4] [11] . And 13 C- 18 O clumped bonds in this reaction are kept in the body of calcite and aragonite [10] , according to different crystal growth model (e.g. "growth entrapment model" [12] - [14] and "surface kinetic model" [15] ).
The interfacial clusters of carbonate groups on calcite (0001) surface, aragonite (001) surface and dolomite (0001) surfaces (Figure 1) were built with ab initio technique in Yuan et al. (2014) . All structures had 3 layers of atoms extracted from periodical crystals, which represent the surface of crystal, and six water molecules, which represent the solution. The atoms in the crystals were terminated with charge points (calcite, 0.333; aragonite, 0.222; dolomite, 0.333) [16] at 1 Å along the broken Ca (or Mg)-O bond [17] . Before optimized, the Ca, Mg, C and O positions were the same as those in corresponding lattices ( Table 1) . And the first metal atoms in -layer dolomite (0001) surface at HF/6-31G * . Because dolomite has an alternating structural arrangement (shown in middle) of calcium and magnesium ions, their influence on carbonate group is considered by using simplified clusters of Ca All these clusters were optimized in the Gaussian09 code [16] . The theoretical method was HF [18] , and the basis set was 6 -31G * [19] [20] , which are suitable for C, Ca, Fe, Mg, O and Zn elements. The theoretical equilibrium constant of reaction (1) 
of which RPFR (short for reduced partition function ratio) [21] [22] is given by ( )
where XE K stands for the molecule, h and l represent heavy ( 13 C, 18 O) and light ( 12 C, 16 O) isotopes of element E, u = hv i /kT, h is the Planck constant, v i is the ith frequency of our clusters given by Gaussian09 [16] , k is the Boltzmann constant, and T is the temperature from 260 to 1500 K [4] [5] [10] . When calculating RPFRs, scaling factor SF = 1.0613 for HF/6-31G * level was used, which is suggested by Yuan et al. (2014) for research on isotope effect on interfaces of carbonates.
Specifically, as shown in Table 2 , one aragonite and four dolomite clusters had few imaginary vibrational frequencies; and in such case we used the reduced partition function ratio in the frequency complex plane (RPFR C ) to predict the isotope fractionation factor in these clusters [26] .
Present theoretical ∆ 47 and ∆ 63 were calculated by ( ) 
Results and Discussion
The calculated structures of dolomite are shown in Figure 1 . 18/16 O) in pure and metal-cations-influenced aragonite, calcite and dolomite, and their corresponding values at 25˚C are listed in Table 3 and Table 4 , respectively; plots of these polynomials are in Figure 2 . The comparison of ∆ 47 of dolomite between different theoretical works is illustrated in Figure 3. ) lower than that of pure crystal. For Table 2 . Summary of imaginary frequencies of dolomite clusters at HF/6-31G * level (Yuan, 2014) . n is the number of imaginary frequency. The minimal and maximal frequencies are shown. [9] [28]), from experimental data. For instance, if we got ∆ 47 = 0.615 in a zinc-enriched (~33% in content) aragonite, then we get temperature T = 32.2˚C from the polynomials in Ghosh et al. (2006) . However, the exact temperature is 25˚C (Table 4), 7.2˚C (= 32.2˚C -25˚C) lower than the predicted value. Thus, aiming to get formation temperatures with high accuracy, we suggest that a researcher would better measure the main metal impurities in carbonates before choosing a reasonable 13 C- 18 O clumped thermometer (as shown in Table 3 ). O isotope systems. The isotope fractionation factor (at 25˚C) between the impurity mineral and corresponding pure one is defined as ∆ metal ion-pure (in per mil or ‰) = 1000 * ln(RPFR (Metal ion) /RPFR pure ). (Figure 3) , which concluded that M 2+ -cations have little influence on isotopic fractionations between carbonate minerals. The reasons behind the difference were: 1) the 13 
Effect of Metal Cations on Different Isotope Systems
C-
18 O clumped effect on growing surfaces of minerals was studied here, while this effect in the inner body of crystals were predicted with lattice dynamics in their paper; and 2) the force constants for, for example, Fe 
Theoretical Value y of Influence of Phosphoric Acid on 13 C-18 O Bonds in Carbonates
The relationship between ∆ 47 and ∆ 63 are given according to the probability theory [32] . Firstly, the probability of the occupation of one 13 C- 18 O bond on each of three different carbon-oxygen (C-O1, C-O2 or C-O3) bonds in Figure 4) ; secondly, the probability of one oxygen site (O1, O2, or O3) connecting with two H + s is also 1/3. After the water molecule, for example, H 2 O1 formed, one-third of 13 2  12 18  12 18  12 18  2  2  3  3  2  13 16  13 16  13 16   2  2  2  3  3  12 16   12 16  2  2  2  3 3 
which shows that the ∆ 63 value kept in carbonate is identical to the ∆ 47 value in CO 2 degassed from the carbonate with phosphoric acid. Then the theoretical value y theory = ∆ 47 − ∆ 63 [7] [10] = 0 is given here, and is suggested to be used in theoretical predictions, such as first-principle calculations in present paper.
The relationship between y theory and y exp. is addressed as following. For experimental geochemists in the laboratories, the value of y exp. obeys the rule of counting statistics, and is proportional to 1 N where N is the number of times they analyzed one sample (See [6] [33] for more information). Obviously, if N is large enough, 
Conclusions
The influence of Mg
2+
, Fe 2+ and Zn 2+ cations on 13 C- 18 O bonds in aragonite, calcite and dolomite was studied using ab initio quantum calculations. And we can draw the following conclusions:
1) The metal ions significantly influenced the 13 O isotope information) in the process of precipitation of and finally the body of aragonite, calcite and dolomite. Due to this influence, we suggested that when using the polynomials of 13 C-18 O clumping bonds in these minerals to predict temperatures, it would be better for a researcher to firstly determine the chemical composition of metal cations in carbonates, and secondly choose a reasonable thermometer according to the main metal impurities in the minerals.
2) Based on the probability theory, the value of the influence of phosphoric acid on 13 C- 18 O clumping bonds during the extracting process of CO 2 from carbonates was zero for theoretical research, e.g. first-principle calculations in this study. And the magnitude of this value in the experiments is proportional to the counting statistics.
Supplementary File Optimized Geometries of Clusters in the Text
This file contains the optimized orientations of atoms in pure Ca 2+ -and Mg 2+ -dolomite clusters, shown in Figure  1; 
